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Arbuscular mycorrhizal trees influence the
latitudinal beta-diversity gradient of tree
communities in forests worldwide
Arbuscular mycorrhizal (AM) and ectomycorrhizal (EcM) associations are critical for host-
tree performance. However, how mycorrhizal associations correlate with the latitudinal tree
beta-diversity remains untested. Using a global dataset of 45 forest plots representing
2,804,270 trees across 3840 species, we test how AM and EcM trees contribute to total
beta-diversity and its components (turnover and nestedness) of all trees. We find AM rather
than EcM trees predominantly contribute to decreasing total beta-diversity and turnover and
increasing nestedness with increasing latitude, probably because wide distributions of EcM
trees do not generate strong compositional differences among localities. Environmental
variables, especially temperature and precipitation, are strongly correlated with beta-diversity
patterns for both AM trees and all trees rather than EcM trees. Results support our
hypotheses that latitudinal beta-diversity patterns and environmental effects on these pat-
terns are highly dependent on mycorrhizal types. Our findings highlight the importance of
AM-dominated forests for conserving global forest biodiversity.
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Variation in community composition (beta-diversity) pro-vides key insights into mechanisms of communityassembly and biodiversity maintenance across local and
regional scales1–4. Total beta-diversity arises from two compo-
nents: species turnover (i.e., species replacement) and species
nestedness (i.e., where sites with fewer species tend to be subsets
of sites with more species)5,6. These two beta-diversity compo-
nents are closely associated with various ecological, historical, and
evolutionary processes. Species turnover usually occurs among
communities with high speciation rates, dispersal limitation,
ecological drift, or habitat heterogeneity7–9. In contrast, species
nestedness often occurs in communities with nested habitat
conditions and selective extinction or selective recolonization
across environmental gradients5,10,11. Studies of the latitudinal
gradient in beta-diversity have yielded mixed results, with U-
shaped, unimodal, positive, negative, or neutral trends being
reported in the literature3,12–15. In particular, some studies par-
titioning beta-diversity have found that species turnover decreases
with increasing latitude, while species nestedness increases16,17.
However, the latitudinal patterns of these two beta-diversity
components of trees have not been extensively explored, parti-
cularly at the global scale. Key gaps remain in our understanding
how local biotic interactions contribute to patterns of beta-
diversity across large-scale gradients18. In particular, the impor-
tance of mutualistic biotic interactions in determining latitudinal
gradients in beta-diversity of trees remains largely unknown.
Mutualistic interactions among plants and mycorrhizal fungi
may be one of the most important, but least studied, biotic
interactions that contribute to patterns of plant beta-diversity
across latitudes. Arbuscular mycorrhizal fungi (AM fungi) and
ectomycorrhizal fungi (EcM fungi) form symbioses with more
than 80% of terrestrial plants globally19,20. Although plant-
mycorrhizal associations are ubiquitous, the geographic variation
in relative abundance, diversity, and distributions of AM and
EcM plant species may influence patterns of plant beta-diversity
via several ecological and evolutionary mechanisms21–23.
Mycorrhizal associations may influence latitudinal variation in
beta-diversity through differences in how AM and EcM plants
adapt to habitat conditions (i.e., habitat adaptation)24–27. Greater
adaptation of species to specific habitat conditions may enhance
speciation rates and reduce extinction rates25,28. AM plants and
EcM plants differ in their soil nutrient uptake capacities and trade-
offs of carbon cost. AM plants are superior competitors for available
inorganic nutrients compared to EcM plants. EcM plants, however,
have greater capacity to mineralize nutrients from organic matter
directly than AM plants21,29. Furthermore, AM and EcM plants
respond differently to climate conditions, with AM plants preferring
to wet and warm conditions, while EcM plants are better adapted to
dry and cold conditions. Thus, the warm, wet, and aseasonal tro-
pical regions with high decomposition rates are primarily domi-
nated by AM trees despite of some exceptional EcM-tree-
dominated forests, whereas the dry, cold, and seasonal temperate
regions are primarily dominated by EcM trees24,25. This latitudinal
gradient in habitat adaptation may provide AM trees in tropical
regions with higher speciation rates but lower selective extinction
rates than in temperate regions23–25,30,31. Such higher speciation
rates and/or lower extinction rates of trees may in turn increase
total beta-diversity and species turnover in the tropics by increasing
the number of species in the regional species pool15,32. Lower
selective extinction rates may decrease species loss across environ-
mental gradients (i.e., species nestedness) in the tropics5. In con-
trast, EcM trees in temperate regions may have higher speciation
rates, lower extinction rates, and a larger species pool than in tro-
pical regions due to habitat adaptation. This may lead to higher
species turnover and lower species nestedness of EcM trees in
temperate than in tropical regions5,33–36.
Mycorrhizal associations may also influence forest beta-
diversity via differences in plant-soil feedbacks (PSFs) between
AM and EcM trees26,27,34–37. For example, AM trees generally
perform better in soils from heterospecifics than from con-
specifics (i.e., a negative PSF), whereas EcM trees perform better
in soils from conspecifics than from heterospecifics (i.e., a positive
PSF)26,38. Differences in PSFs between AM and EcM tree species
may be the result of less protection of roots of AM trees from soil
pathogens due to the lack of mantle formation on the host root
surface26,39,40, or because EcM trees are better able to mine
nutrients from soil organic matter arising from host trees27. In
communities dominated by AM trees, negative PSFs are predicted
to reduce the performance of conspecific individuals of abundant
species and promote the persistence of rare species26,41. In turn,
rare species that are habitat specialists may increase species
turnover by promoting uniqueness of species composition among
localities33. Negative PSFs may also increase species turnover by
limiting the spatial extent of species ranges, resulting in more
species unique to different localities and fewer species found in
common among localities34,36. Thus, the negative PSFs common
among AM trees may promote species turnover. In contrast,
positive PSFs in more EcM-dominated communities could pro-
mote the performance of conspecific individuals of abundant
species and inhibit rare species, leading to selective loss of rare
species due to competitive exclusion26,35, which generates pat-
terns of species nestedness. The strength of conspecific negative-
density dependence and the prevalence of AM trees have been
demonstrated to decrease with increasing latitude42,43. The
weaker negative PSFs and lower predominance of AM plants may
lead to a decrease in species turnover with increasing
latitude33,34,36. In contrast, species nestedness of EcM plants may
increase with latitude due to the greater prevalence of EcM spe-
cies with positive PSFs5,24–26,35. Despite widespread interest in
how mycorrhizal associations influence host population dynam-
ics, biodiversity maintenance, and ecosystem functioning at var-
ious spatial scales25–27, the effects of mycorrhizal associations on
the latitudinal gradient in tree beta-diversity remain unexplored.
In this study, we examine how mycorrhizal associations and
environmental factors (climate and topography) may influence the
latitudinal gradient in beta-diversity of forest trees. Using data
from 45 large, stem-mapped forest plots across the globe (Fig. 1),
we calculate total beta-diversity, the abundance-weighted species
turnover component (hereafter species turnover), and the
abundance-weighted species nestedness component (hereafter
species nestedness) for AM trees, EcM trees, and all trees (a
combination of AM trees, EcM trees, and other trees). We expect
that total beta-diversity and species turnover decrease with
increasing latitude, whereas species nestedness increases. In par-
ticular, we test three hypotheses: (1) Latitudinal gradients in beta-
diversity and its components are highly dependent on mycorrhizal
types of host trees; (2) Latitudinal gradients in beta-diversity and
its components are mainly shaped by environmental rather than
spatial variables; and (3) Effects of environmental and spatial
variables on beta-diversity and its components are highly depen-
dent on types of mycorrhizal associations. We find that latitudinal
beta-diversity patterns and environmental effects on these patterns
are highly dependent on mycorrhizal types. AM rather than EcM
trees predominantly contribute to decreasing total beta-diversity
and turnover and increasing nestedness with increasing latitude.
Results
Latitudinal beta-diversity patterns contributed by AM trees.
Latitudinal patterns of beta-diversity of AM trees mirrored pat-
terns of beta-diversity of all trees (Fig. 2). Total beta-diversity and
species turnover of all trees and of AM trees generally decreased
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with increasing latitude (Fig. 2). The only exception was total
beta-diversity of AM trees at the 50 m × 50m quadrat scale,
which was not significantly related to latitude (Beta regression:
Pseudo R2= 0.002, P= 0.765; Fig. 2g). Species nestedness of all
trees, AM trees, and EcM trees increased with latitude at all
quadrat scales with the exception of species nestedness of EcM
trees at the 50 m × 50m quadrat scale (Fig. 2c, f, i). In contrast,
total beta-diversity and species turnover of EcM trees were gen-
erally unrelated to latitude (Fig. 2), with one exception: total beta-
diversity of EcM trees decreased with increasing latitude at the
50 m × 50m quadrat scale (Beta regression: Pseudo R2= 0.123,
P= 0.016; Fig. 2g). When AM trees were excluded from all trees,
the latitudinal trends of total beta-diversity, species turnover, and
species nestedness disappeared or highly deviated from those of
all trees, whereas these patterns remained unchanged when
excluding EcM trees (from all trees) (Supplementary Fig. 1).
The simulation experiment (Supplementary Methods) to
remove the effect of disproportionate latitudinal distributions of
abundance or species richness between AM and EcM trees by
sampling equal numbers of individuals or equal numbers of
species of AM and EcM trees also showed that the latitudinal
patterns of total beta-diversity and species turnover of AM trees
paralleled those of all trees, whereas those of EcM trees were not
correlated with latitudes, although the patterns for species
nestedness were mixed. These simulated results indicate that
the contribution of AM trees to the latitudinal beta-diversity
patterns of all trees was not driven simply by latitudinal variation
in the abundance or species richness of AM trees (Supplementary
Figs. 2 and 3). Together, these observed and simulated results
indicate that AM trees are predominantly responsible for
observed latitudinal patterns of total beta-diversity, species
turnover, and species nestedness of all trees.
The relative contribution of species turnover to total beta-
diversity for both AM trees and all trees decreased with increasing
latitude, while the relative contribution of species nestedness
increased (Supplementary Fig. 4a, b, 4d, e, and 4g, h). In contrast,
the contributions of species turnover and nestedness of EcM trees
remained relatively unchanged across latitude except at the scale
of 10 m × 10m (Supplementary Fig. 4c, f, i). In general, the
relative contribution of species turnover was significantly larger
than that of species nestedness for AM trees, EcM trees, and all
trees across quadrat sizes (Mann–Whitney U test: P < 0.05;
Supplementary Fig. 4a–e and 4g, h), with one exception: the
differences between contributions of species turnover and species
nestedness were not significant for EcM trees at the 20 m × 20m
quadrat size (Mann–Whitney U test: W= 1029, P= 0.614;
Supplementary Fig. 4f).
Effects of environmental and spatial variables. Environmental
and spatial variables jointly generally explained at least 50% of the
variation in total beta-diversity, species turnover, and species nest-
edness across latitudes for all trees and AM trees (Fig. 3). Generally,
environmental and spatial variables jointly explained larger varia-
tions in total beta-diversity, species turnover, and species nestedness
for AM trees and all trees than for EcM trees (Fig. 3). Variation
explained by environmental variables was generally much larger
than the variation explained by spatial variables for AM trees and
EcM trees (Mann–Whitney U test: P < 0.0001; Fig. 3) except for
species nestedness of AM trees at the scale of 50m × 50m
(Mann–Whitney U test: P < 0.0001; Fig. 3). For all trees, compared
to spatial variables, environmental variables explained equal varia-
tion at the scale of 10m × 10m (Mann–Whitney U test: W= 20557,
P= 0.630 for total beta-diversity, W= 19225, P= 0.503 for species
turnover, and W= 21765, P= 0.127 for species nestedness; Fig. 3),
but much greater variation at the scales of 20m × 20m
(Mann–Whitney U test: P < 0.0001; Fig. 3) and 50m × 50m
(Mann–Whitney U test: P < 0.0001; Fig. 3) in total beta-diversity,
species turnover, and species nestedness.
Random forest analyses indicated that multiple environmental
variables were generally not correlated with total beta-diversity,
species turnover, or species nestedness of EcM trees, except for
species nestedness of EcM trees at the scale of 10 m × 10m (Fig. 4
and Supplementary Figs. 5, 6). In contrast, environmental
variables jointly and differentially affected total beta-diversity,
species turnover, and species nestedness of AM trees and all trees
across quadrat scales. Specifically, mean, maximum, and mini-
mum values of temperature and precipitation, solar radiation,
aridity index, and potential evapotranspiration were positively
associated with total beta-diversity and species turnover, but
negatively with species nestedness of AM trees and all trees
(Supplementary Fig. 7.1–7.6, 7.10–7.15, and 7.19–7.24). In
contrast, temperature variability (i.e., mean diurnal range of
temperature, isothermality, temperature seasonality, and tem-
perature annual range), precipitation seasonality, and topographic
variables were generally not correlated with total beta-diversity,
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Fig. 1 Global distribution of 45 forest plots. Plots range in size from 2.1 ha (Nanjenshan) to 60 ha (Jianfengling) and in latitude from 21.5 °S (Ilha do Cardoso,
Brasil) to 61.3 °N (Scotty Creek, Canada), covering all continents with forests (i.e., Asia, Africa, Europe, South America, North America, and Oceania).
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species turnover, or species nestedness of trees (Fig. 4 and
Supplementary Figs. 5–7). Total beta-diversity, species turnover,
and species nestedness of all trees and AM trees were affected
most by temperature and precipitation of the warmest quarter
(Fig. 4 and Supplementary Figs. 5–7).
Discussion
AM trees influence the latitudinal gradient in tree beta-
diversity. Despite widespread interest in patterns of forest beta-
diversity across biogeographic gradients, the role of mutualistic
biotic interactions in shaping these gradients remains largely
unknown. Our findings based on 45 large forest plots covering a
wide range of latitudes (25.1° S ~ 61.3° N) and on simulation
experiments provided insights into the roles of mutualistic
mycorrhizal associations, as well as climate, on patterns of beta-
diversity. First, we found that latitudinal patterns of total beta-
diversity, species turnover, and species nestedness are strongly
associated with mutualistic associations among tree species and
mycorrhizal fungi. Specifically, we found that community-wide
patterns of total beta-diversity, species turnover, and species
nestedness of all trees largely reflect those same patterns for AM
trees (Fig. 2 and Supplementary Figs. 1–3). In contrast, for EcM
trees, total beta-diversity and species turnover generally lacked
significant latitudinal patterns, although patterns of species
nestedness were mixed (Fig. 2 and Supplementary Figs. 1–3). This
suggests that AM trees are the predominant contributors to
overall latitudinal gradients in tree beta diversity. Second, for AM
trees and all trees, total beta-diversity, species turnover, and
species nestedness were generally largely explained by environ-
mental factors, especially temperature and precipitation, sug-
gesting the latitudinal gradients in beta-diversity may be largely
driven by deterministic processes. In contrast, for EcM trees,
beta-diversity, species turnover, and species nestedness were not









































All trees AM trees EcM trees Significant Non−significant
Fig. 2 Latitudinal gradients in tree beta-diversity. Total beta-diversity, species turnover, and species nestedness of all trees, AM trees, and EcM trees
across latitudes at quadrat scales of 10 m × 10m (a–c), 20m × 20m (d–f), and 50m × 50m (g–i). Orange points represent total beta-diversity and its two
components (species turnover & nestedness) of all trees and orange lines represent their latitudinal patterns. Green points represent total beta-diversity
and its components of AM trees and green lines represent their latitudinal patterns. Blue points represent total beta-diversity and its components of EcM
trees and blue lines represent their latitudinal patterns. Points are the mean values and the error bars are the 95% confidence intervals, estimated using the
non-parametric bootstrapping method (n= 200). In total, 200 replicates of average pairwise beta-diversity and its components were calculated based on
30, 15, and 15 randomly sampled quadrats of 10m × 10m, 20m × 20m, and 50m × 50m from each forest plot, respectively. Solid lines indicate significant
relationships with latitude whereas dashed lines indicate non-significant relationships fitted using the beta regression. The error bands (shaded areas) are
the 95% confidence intervals of the fitted relationships, with sample size n= 45 for all trees, n = 44 for AM trees, and n = 43 for EcM trees at the 10 m ×
10m scale; with n = 45 for all trees, n = 44 for AM trees, and n = 44 for EcM trees at the 20m × 20m scale; and with n = 41 for all trees, n = 40 for AM
trees, and n = 41 for EcM trees at the 50m × 50m scale.
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Mutualistic associations between mycorrhizal fungi and host
plants may contribute to latitudinal gradients in beta-diversity
observed in the present study via several mechanisms. First,
mycorrhizal associations may affect beta-diversity by mediating
the strength of interspecific competition and local distribution
ranges of species through plant-soil feedbacks (PSFs), which are
generally negative for AM trees and positive for EcM trees26,34–36.
Negative PSFs for AM trees may enhance the recruitment of
heterospecific trees, especially those rare tree species26,39,41.
Replacement of conspecific individuals by heterospecific indivi-
duals represents the abundance-weighted species turnover. The
maintenance of more rare species especially those with specific
habitat preferences, may lead to higher species turnover among
localities potentially due to habitat filtering33. Moreover, negative
PSFs may restrict local distribution ranges of species, generating
higher species turnover among localities due to fewer shared
species with narrower distributions34,36. As negative PSFs may
decrease with increasing latitude44, weaker negative PSFs for AM
trees at higher latitudes could decrease species turnover25,33,34,36.
Our result that species turnover of AM trees and all trees
decreased with increasing latitude is in line with our expectation.
In contrast, positive PSFs for EcM trees, which may be better
protected against soil pathogens by fungal root mantle, may
instead promote success of conspecific individuals, and may
consequently lead to competitive exclusion of competitively
inferior species26,35. In turn, selective species loss from compe-
titive exclusion increases species nestedness5,26,35. Increasing
prevalence of EcM-associations at higher latitudes should increase
species nestedness of EcM trees with positive PSFs5,25,26,35. Our
result that species nestedness of EcM trees generally increased
with latitude, supports our expectation.
Second, mycorrhizal associations may affect beta-diversity by
influencing speciation rates and extinction rates through habitat
adaptation23–25,30,31. Mycorrhizal associations may promote
habitat adaptation of host plants by increasing access to soil
nutrients. However, the lack of comparable soil-nutrient data for
most of forest plots in this study (data from online soil databases
are too coarse at the forest plot scale as soil properties vary
substantially across space even in a short distance) prevents us
from explicitly testing the soil nutrient effects on the latitudinal
beta-diversity gradients of AM and EcM trees. However, this will
be a promising direction for the future studies. Global
biogeography of AM trees was reported to be primarily driven
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Fig. 3 Variation partitioning of tree beta-diversity. Variation of total beta-diversity, species turnover, and species nestedness of all trees, AM trees, and
EcM trees at quadrats scales of 10m × 10m (a–c), 20m × 20m (d–f), and 50m × 50m (g–i) explained by spatial and environmental variables. Orange,
green, and blue points represent total beta-diversity and its two components (species turnover & nestedness) of all trees, AM trees, and EcM trees. “Env”,
“Space”, and “Env + Space” represent the effects of environmental variables, spatial variables, and both, respectively. Average total beta-diversity and its
two components were calculated based on 30, 15, and 15 randomly sampled quadrats of 10 m × 10m, 20m × 20m, and 50m × 50m from each forest plot,
respectively. The calculation and variation partitioning of total beta-diversity and its components were repeated 200 times. Means and 95% confidence
intervals (95% CIs) of explained variation of total beta-diversity and its components were estimated using the non-parametric bootstrapping (n = 200
replicates). The means were showed as points and 95% CIs were showed as error bars. Differences between the variation explained by spatial and
environmental variables were tested for significance using two-sided Mann–Whitney U tests: n.s. P≥ 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001. W = 19225
and P = 0.5029 for species turnover, W = 21765 and P = 0.127 for species nestedness, and W = 20557 and P = 0.6303 for total beta-diversity at the
scale of 10m × 10m, and P < 0.0001 for others.
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primarily driven by low litter decomposition rates25. Tropical
habitats with higher decomposition rates may promote AM trees
whereas temperate habitats with lower decomposition rates may
promote EcM trees25. Adaptation to tropical regions may increase
speciation rates and decrease extinction rates of AM trees, and
may consequently lead to larger species pools of AM trees
compared to those in temperate regions24,25,31. Larger species
pools may increase beta-diversity by strengthening species
uniqueness among localities, i.e., species turnover, due to narrow
local distribution ranges of AM trees34,36. In addition, decreased
a
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Var explained = 0.166
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Var explained = −0.185
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Var explained = −0.238
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Var explained = 0.269
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βtotal of EcM trees βturnover of EcM trees βnestedness of EcM trees
βtotal of AM trees βturnover of AM trees βnestedness of AM trees
βtotal of all trees βturnover of all trees βnestedness of all trees
0.042 0.051 0.061 0.044 0.054 0.065 0.008 0.012 0.016
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Fig. 4 Specific effects of environmental variables on latitudinal gradients in tree beta-diversity. Relative importance of five most important
environmental factors for total beta-diversity, species turnover, and species nestedness of all trees (a–c), AM trees (d–f), and EcM trees (g–i) at the scale
of 20m × 20m. Total beta-diversity and its components are the mean values of 200 replicates of average pairwise beta-diversity and its component
metrics calculated based on 15 randomly sampled quadrats of 20m × 20m from each forest plot. The relative importance of variables was ranked by the
increase in node purity (horizontal axis). The proportion of variance displayed was explained by all of 34 environmental variables. Circle points indicate
significant importance of predictors whereas triangles indicate non-significant importance of predictors. The meanings of environmental variables are as
follows: bio_01 = Annual Mean Temperature, bio_02 = Mean Diurnal Range (Mean of monthly (max temp - min temp)), bio_05 = Max Temperature of
Warmest Month, bio_06 = Min Temperature of Coldest Month, bio_07 = Temperature Annual Range (BIO5-BIO6), bio_08 = Mean Temperature of
Wettest Quarter, bio_10 = Mean Temperature of Warmest Quarter, bio_12 = Annual Precipitation, bio_13 = Precipitation of Wettest Month, bio_16 =
Precipitation of Wettest Quarter, bio_18 = Precipitation of Warmest Quarter, srad = Solar Radiation, pet = Potential Evapotranspiration, elev = Elevation,
aspect = Slope Aspect, aspect.r = Range of Aspect, convex.r = Range of Curvature, slope.cv = Coefficient of Variation of Slope, convex.cv = Coefficient of
Variation of Curvature.
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extinction rates in tropical regions may consequently reduce the
loss of species that creates species nestedness5,24,25. Our results
that total beta-diversity and species turnover of AM trees
generally decreased with increasing latitude while species
nestedness of AM trees increased are in accordance with our
expectation. Similarly, adaptation to temperate habitats may
decrease extinction rates and increase speciation rates and species
pools of EcM trees at temperate compared to tropical
latitudes30,31. Larger species pools may in turn influence species
turnover of EcM trees15,32. However, we found that species
turnover of EcM trees was generally not correlated with latitude
(Fig. 2 and Supplementary Figs. 1–3), which partly violated our
expectation that species turnover of trees decreased from tropics
towards poles. Two reasons, not mutually exclusive, may explain
this unexpected result. First, the species pool of EcM trees was
generally not (or extremely weakly) correlated with latitude
(Supplementary Fig. 8); because positive PSFs may increase local
distribution ranges and inhibit heterospecifics, this may counter-
act the effects of greater speciation rates on the species pool of
EcM trees at temperate latitudes. Second, EcM trees with wide
local distribution ranges may not significantly influence species
turnover among localities26,34,36. We found that AM trees
predominantly contributed to the latitudinal gradients in beta-
diversity of all trees, supporting our first hypothesis. One
potential reason may be the local distribution ranges mediated
by PSFs. AM trees with narrow local distribution ranges may
disproportionately contribute to the overall composition dissim-
ilarity among localities (beta-diversity), whereas EcM trees with
wide local distribution ranges may homogenize the overall species
composition26,34,36. The simulation experiments confirmed that
the strong contribution of AM trees to the latitudinal gradient is
not simply a function of disparate abundance or species richness
between AM and EcM trees (Supplementary Figs. 2 and 3). These
observed and simulated results jointly suggested that processes
strongly relevant to mycorrhizal associations, such as PSFs and
habitat adaptation, rather than sampling bias (i.e., greater
abundance or richness of AM trees) may contribute to the
latitudinal gradients in beta-diversity of trees.
Although general latitudinal patterns of beta-diversity were
detected, we also found three exceptional patterns at the scale of
50 m × 50m: (1) total beta-diversity of AM trees was not
correlated with latitude; (2) total beta-diversity of EcM trees
decreased with increasing latitude; and (3) species nestedness of
EcM trees was not correlated with latitude. These exceptions may
result from the scale-dependent strength of PSFs, a possibility in
need of further exploration. Distance between conspecific
individuals in different quadrats may increase with quadrat size,
and consequently PSFs of conspecific individuals among quadrats
may decrease45. In turn, weaker positive PSFs may decrease
species nestedness5,26,35. This may be more prevalent in
temperate regions than in tropical regions because temperate
regions have higher prevalence of EcM trees with positive PSFs
compared to tropical regions5,25,26,35,45. Thus, species nestedness
may decrease faster in temperate than in tropical regions, which
may consequently shape a neutral trend in species nestedness of
EcM trees at the scale of 50 m × 50m. Similarly, weaker PSFs may
also shape a decreasing trend of total beta-diversity for EcM trees
and a neutral trend of total beta-diversity for AM trees via species
turnover and species nestedness because total beta-diversity is the
sum of species turnover and species nestedness.
Effects of climatic factors on mycorrhizal-mediated tree beta-
diversity, species turnover, and species nestedness. The result
that environmental variables generally explained more varia-
tions in total beta-diversity, species turnover, and species
nestedness than did spatial variables suggests a predominant
role of habitat filtering in shaping the latitudinal patterns of total
beta-diversity and its two components, supporting our second
hypothesis. Climatic factors have been found to be extremely
important for beta-diversity3,32. Temperature and precipitation,
in particular, were significantly associated with total beta-
diversity, species turnover, and species nestedness of AM trees
and all trees (Figs. 3, 4 and Supplementary Figs. 5–7). In con-
trast, total beta-diversity, species turnover, and species nested-
ness of EcM trees were not correlated with climatic variables in
most cases (Fig. 4 and Supplementary Figs. 5–7). Climatic
variables can exert effects directly and indirectly through biotic
interactions on the relatively local-scale diversity patterns46. We
found that the latitudinal beta-diversity gradients and the effects
of climatic factors on beta-diversity were highly dependent on
the mycorrhizal types of trees, supporting our third hypothesis.
These findings suggest that climate may likely affect latitudinal
gradients in beta-diversity, species turnover, and species nest-
edness of host trees indirectly through its influence on mycor-
rhizal associations24,25,34,36, although climate may also directly
affect processes shaping beta-diversity such as speciation,
extinction, and dispersal limitation5,7–11.
Previous studies have shown that AM fungi are physiologically
less tolerant than EcM fungi to low temperatures and decrease
colonization below 15 °C, due to the lack of cold-tolerant
traits24,47,48. In contrast, EcM fungi with cold-tolerant traits are
well adapted to low temperatures24,25. In addition, temperature
and precipitation are positively correlated with litter decomposi-
tion rate which has been reported to be the primary driver
differentiating mycorrhizal associations between AM and EcM
trees24,25. Thus, the prevalence of AM-associations was positively
correlated with higher temperature and greater precipitation
toward the equator, whereas the prevalence of EcM-associations
was more common at low temperature and precipitation toward
the poles (Supplementary Figs. 8–10)24,25. In turn, AM-
associations may contribute to the decreasing trends in beta-
diversity and species turnover and the increasing trends in species
nestedness of host trees across latitudes (Fig. 2) via negative PSFs
and habitat adaptation. In contrast, EcM-associations may
contribute to the neutral latitudinal trends in beta-diversity and
species turnover, but contribute to an increasing trend in species
nestedness of host trees with latitude (Fig. 2), possibly through
positive PSFs and habitat adaptation26,34,36.
In summary, we found that total beta-diversity and species
turnover of both AM trees and all trees significantly decreased
with increasing latitude, while species nestedness increased.
Species nestedness of EcM trees also generally increased with
latitude, whereas total beta-diversity and species turnover of EcM
trees were generally not correlated with latitude, probably due to
the wide local distributions of EcM trees which did not influence
the overall compositional differences among localities. The
latitudinal patterns of total beta-diversity, species turnover, and
species nestedness of all trees were largely contributed by AM
rather than EcM trees. Environmental factors were generally
much more important than spatial factors in shaping latitudinal
patterns of beta-diversity and its components of AM trees and all
trees, suggesting that habitat filtering on mycorrhizal associations
may be a major ecological process that determines the latitudinal
beta-diversity gradient in trees. In particular, temperature and
precipitation were the most important environmental factors.
Environmental variables likely drive latitudinal gradients in total
beta-diversity, species turnover, and species nestedness by
affecting mycorrhizal associations of trees. The major contribu-
tion of AM trees in forests to the latitudinal gradient in beta-
diversity of forest communities underscores the importance of
AM trees for global biodiversity conservation. However, the
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causal relationships between mycorrhizal associations and tree
beta-diversity need further exploration in following studies.
Future research is also needed to discover the mycorrhizal
associations of more tree species and the characterization of
individual mycorrhizae species, their specificity for tree hosts and
environmental adaptations.
Methods
Study sites, topographic and climatic data. Our study included 45 large, stem-
mapped forest-dynamics plots mainly from the ForestGEO network (http://www.
forestgeo.si.edu/; Fig. 1)49. Plots were established and censused using a standar-
dized protocol50. Plot size ranges from 2.1 ha (Nanjenshan) to 60 ha (Jianfengling)
and plot latitude ranges from 25.1°S (Ilha do Cardoso, Brazil) to 61.3°N (Scotty
Creek, Canada), covering all continents with forests (i.e., Asia, Africa, Europe,
South America, North America, and Oceania; Fig. 1 and Supplementary Table 1).
In each plot, all free-standing woody stems with a diameter at breast (DBH) ≥ 1 cm
were identified to species, tagged, measured, and mapped. The Uholka plot in
Ukraine was an exception as woody stems were censused from a DBH ≥ 6 cm51.
We focused only on trees and excluded plants of other growth forms (i.e., lianas,
palms, and shrubs). In total, the 45 plots included 2,804,270 trees of 3840 tree
species and 156 plant families.
As previous studies have shown that average pairwise beta-diversity using
abundance data is relatively insensitive to sampling effort52–54, we used tree-species
abundances (numbers of individuals per species) to calculate beta-diversity as Bray-
Curtis dissimilarity. The total beta-diversity was partitioned into the abundance-
weighted species turnover component (hereafter species turnover) and the
abundance-weighted species nestedness component (hereafter species
nestedness)55. Beta-diversity and its two component measures were calculated












2Aþ Bþ C *
A
AþminðB;CÞ ð3Þ
where A is the sum of the abundances of all species that occur in both of a pair of
quadrats, while B and C are the sum of the abundances of the species that are
unique to one or the other of the pair of quadrats55.
To account for the potential scale-dependence of beta-diversity patterns, plots
were divided into 10 m × 10 m, 20 m × 20 m, and 50 m × 50m quadrats6,56. At the
scale of 50 m × 50 m, we excluded plots smaller than 8 ha (Cocoli, Sherman,
Nanjenshan, Ngardok) to ensure adequate sample size and statistical power. At
each of the three quadrat sizes in each forest plot, we calculated the average total
beta-diversity, species turnover, and species nestedness across all quadrats. To
facilitate comparisons with other studies, we further controlled sampling effort by
randomly sampling 30 non-overlapping quadrats of 10 m × 10m, 15 quadrats of
20 m × 20 m, and 15 quadrats of 50 m × 50 m in each plot57,58. This sampling
procedure was repeated 200 times for each quadrat size and the results were
averaged for each plot with the 95% confidence interval (95% CI) calculated using
nonparametric bootstrap without assuming normality58.
All trees were assigned to one of three mycorrhizal types: AM trees; EcM trees;
and other trees including ErM trees (Ericoid mycorrhizal trees), NM trees (non-
mycorrhizal trees), and trees with two or more mycorrhizal types recorded in
literature59,60. We first assigned mycorrhizal type at the genus level (97.76% of all
species) and then the family level (2.24% of all species). As AM- and EcM-
associations are the most common mycorrhizal types for trees60, we focused
predominantly on AM and EcM trees in the present study. Beta-diversity and its
component measures were calculated for all trees (a combination of AM trees, EcM
trees, and other trees), AM trees, EcM trees, all trees excluding AM trees, and all
trees excluding EcM trees.
We examined the influence of environmental variables on beta-diversity using
topographic and climatic variables. Topography may affect beta-diversity through
its effects on microclimate and the resulting mycorrhizal associations24,61,62.
Topographic variables included the elevation, aspect, and slope of each quadrat for
all three quadrat sizes based on the measured or interpolated elevation values of
four corners of each quadrat. We also included convexity, which is based upon the
elevation of a quadrat relative to the eight adjoining quadrats that surround the
focal quadrat46,63. Aspect was sin-transformed so that ‘sunward’ facing slopes in
both the northern and southern hemispheres were treated equivalently. To
calculate the mean value of each topographic variable for each forest plot, we
averaged the values across quadrats for each of the three quadrat sizes. To test the
effect of topographic heterogeneity on beta-diversity and its components, we
calculated the ranges and the coefficients of variation of each of four topographic
variables.
Climatic variables included 19 bioclimatic variables and solar radiation for each
forest plot from the WorldClim Database (http://worldclim.org/version2; accessed on
2019-9-24) and potential evapotranspiration and aridity index from the Global Aridity
Index (Global-Aridity) and Global Potential Evapo-Transpiration (Global-PET)
Geospatial Database (https://cgiarcsi.community/data/global-aridity-and-pet-database/;
accessed on 2019-9-24) based on the resolution of 30 arc seconds at the equator.
Climatic variables were extracted from the database using the R package ‘raster’64.
Statistical analyses. We used a beta regression model, without random effects, to
examine the relationships of beta-diversity and its components with latitude using a
single value of beta-diversity or its component for each forest plot (i.e., where each
forest plot represents a data point). A beta regression model is a generalized linear
model with a beta distribution for proportion data within an open interval between 0
and 165,66. We set the data points with values of 0 and 1 to be 0.005 and 0.995,
respectively. We used the logit link function in the beta regression model. As forest
plots in the present study substantially differ in elevation (from 2.5 to 3285.7m above
sea level), which could strongly affect temperature and consequently affect tree dis-
tribution, we adjusted the absolute latitude weighted by elevation to examine the
relationships of beta-diversity and its components with latitude. Previous studies have
demonstrated that a 100-m upward shift is thermally equivalent to a 100-km pole-
ward shift13,67. In addition, one degree of latitude is equivalent to 111 km of geo-
graphic distance. Thus, we adjusted the absolute latitude using the following equation
to obtain the adjusted latitude used in the analyses:
Adjustedlatitude ¼ elevation=111þ jlatitudej ð4Þ
To explore the contributions of AM and EcM trees to beta-diversity of all trees,
we first tested latitudinal relationships for AM trees, EcM trees, and all trees. To
demonstrate the robustness of analyses to the limitation of the ambiguous
mycorrhizal associations, we also tested the patterns by running models where
species with dual mycorrhizal statuses were first classified as one type and then as
the other type. We found that results remained qualitatively unchanged (Fig. 2 and
Supplementary Figs. 11–14). Thus, we conducted further analyses by classifying
trees with dual mycorrhizal statuses as “other trees” and displayed patterns using
other classification methods only in the supplementary material (Supplementary
Figs. 11–14). However, the latitudinal patterns of AM trees may parallel the
patterns of trees with other mycorrhizal types. Thus, the contributions of AM trees
to the patterns of all trees may be obscured by trees with other mycorrhizal types.
This may also be the case for EcM trees. Therefore, we further tested latitudinal
relationships of all trees excluding AM trees, as well as of all trees excluding EcM
trees. Latitudinal patterns of all trees excluding AM trees and all trees excluding
EcM trees were highly consistent with the latitudinal patterns of EcM trees and AM
trees, respectively (Fig. 2 and Supplementary Fig. 1), which suggested the patterns
of all trees were mainly determined by AM and EcM trees and were not obscured
by trees with other mycorrhizal types. Based on these findings, we focused only on
three groups for further analyses: all trees, AM trees, and EcM trees.
We used a beta regression model to test the latitudinal patterns of the relative
contributions of species turnover and species nestedness to the total beta-diversity.
Differences between the relative contributions of species turnover and species
nestedness were tested for significance using two-sided Mann–Whitney U tests.
Preliminary analyses detected decreasing individual density and species richness
for all trees and AM trees with increasing latitude, but increasing individual density
and no trend of species richness for EcM trees (Supplementary Figs. 8 and 9). To
account for the possible effect of disproportionate abundance or species richness
between AM and EcM trees on latitudinal beta-diversity gradients of all trees, we
further conducted simulation experiments (Supplementary Methods).
To investigate potential mechanisms underlying latitudinal patterns of total
beta-diversity, species turnover, and species nestedness, we used the variation
partitioning analysis (VPA) based on the partial regression to separate the unique
and shared effects of environmental and spatial variables. The pure effects of spatial
variables suggest the importance of dispersal limitation or unmeasured
environmental variables, whereas the pure effects of environmental variables point
to the importance of habitat filtering (i.e., filtering out species unsuitable to specific
habitat conditions)58,63. The fractions of variation in response variables explained
by spatial and environmental variables were tested for significance by 999
permutations. We tested for the significance and visualized both the independent
(i.e., variation explained by spatial or environmental variables) and joint effects
(i.e., variation explained by both) of environmental and spatial variables because
the shared effect of spatial and environmental variables cannot be tested for
significance68. Environmental variables were selected using forward selection of the
principal components of 22 climatic variables (19 bioclimatic variables, potential
evapotranspiration, solar radiation, and aridity index), and 12 topographic
variables including elevation, aspect, slope, convexity, and their ranges and
coefficients of variation using the principal component analysis (PCA). Spatial
variables were selected using forward selection of spatial eigenfunctions with
positive values calculated with latitude and longitude using the Principal
Components of Neighbor Matrices (PCNM). Latitude and longitude were the same
for each of the three quadrat sizes.
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23236-3
8 NATURE COMMUNICATIONS |         (2021) 12:3137 | https://doi.org/10.1038/s41467-021-23236-3 | www.nature.com/naturecommunications
Variation partitioning is an algorithm based on linear models which are
sensitive to error distributions of response variables. Environmental and spatial
variables used in variation partitioning were obtained from PCA and PCNM which
were eigenvector analyses and likely to overestimate the explained variations even
when the forward selection was applied69. Thus, variation partitioning in the
present study was used mainly to qualitatively tease apart the relative importance of
spatial and environmental variables.
The specific effects of environmental variables on beta-diversity were further
explored using the random-forest modeling which is based on multiple
bootstrapped regression trees25,70. Random forest is a robust algorithm which is
insensitive to missing values, multicollinearity of explanatory variables, and error
distributions of response variables for classification and regression70. Variable
importance was determined by the increase in node purity which was measured as
the decrease in the residual sum of squares if the variable was excluded25. As we
had 34 environmental variables, we focused on the relative importance of the five
most-important predictors for each response variable (i.e., beta-diversity, species
turnover, and species nestedness of AM trees, EcM trees, and all trees) but provide
partial-dependence plots for all environmental variables (Fig. 4 and Supplementary
Figs. 5–7). Through the partial-dependence plots, we can visualize the direction of
the effect of the explanatory variables25. Variable importance was tested for
significance by 999 permutations. As the results of random forests were relatively
consistent across quadrat sizes, here we only displayed the results of the five most-
important predictors for each response variables at the quadrat size of 20 m × 20m
(See Supplementary Figs. 5–6 for the results of other scales).
All calculations and statistical analyses were performed on the R platform
version 3.5.371. Calculations of beta-diversity and its components were conducted
using the “betapart” package72. Mann–Whitney U tests and PCA were
implemented in the “stats” package. Variation partitioning analyses and PCNM
were performed using the ‘vegan’ package68. Non-parametric bootstrap was
conducted using the “Hmisc” package73. Beta regression models were performed
using the “betareg” package66. Random forest analyses and partial-dependence plot
visualization were implemented in the “randomForest” and “rfPermute”
packages74,75.
Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
Data availability
Full raw census data are available on reasonable request from the ForestGEO (https://
www.forestgeo.si.edu/). Bioclimatic variables and solar radiation are available from the
WorldClim Database (http://worldclim.org/version2) and potential evapotranspiration
and aridity index are available from the Global Aridity Index (Global-Aridity) and Global
Potential Evapo-Transpiration (Global-PET) Geospatial Database (https://cgiarcsi.
community/data/global-aridity-and-pet-database/).
Code availability
Custom codes for simulations are available in the Supplementary Information files.
Received: 19 August 2020; Accepted: 16 April 2021;
References
1. Myers, J. A. & LaManna, J. A. The promise and pitfalls of beta-diversity in
ecology and conservation. J. Veg. Sci. 27, 1081–1083 (2016).
2. Socolar, J. B., Gilroy, J. J., Kunin, W. E. & Edwards, D. P. How should beta-
diversity inform biodiversity conservation? Trends Ecol. Evol. 31, 67–80
(2016).
3. Xing, D. L. & He, F. L. Environmental filtering explains a U-shape latitudinal
pattern in regional beta-deviation for eastern North American trees. Ecol. Lett.
22, 284–291 (2019).
4. Anderson, M. J. et al. Navigating the multiple meanings of beta diversity: a
roadmap for the practicing ecologist. Ecol. Lett. 14, 19–28 (2011).
5. Baselga, A. Partitioning the turnover and nestedness components of beta
diversity. Glob. Ecol. Biogeogr. 19, 134–143 (2010).
6. Menegotto, A., Dambros, C. S. & Netto, S. A. The scale-dependent effect of
environmental filters on species turnover and nestedness in an estuarine
benthic community. Ecology 100, e02721 (2019).
7. Whittaker, R. H. Vegetation of the Siskiyou mountains, Oregon and
California. Ecol. Monogr. 30, 279–338 (1960).
8. Hubbell, S. P. The unified neutral theory of biodiversity and biogeography.
(Princeton University Press, 2001).
9. Nekola, J. C. & White, P. S. The distance decay of similarity in biogeography
and ecology. J. Biogeogr. 26, 867–878 (1999).
10. da Silva, P. G., Lobo, J. M., Hensen, M. C., Vaz-de-Mello, F. Z. & Hernandez,
M. I. M. Turnover and nestedness in subtropical dung beetle assemblages
along an elevational gradient. Divers Distrib. 24, 1277–1290 (2018).
11. Wang, X. G. et al. Ecological drivers of spatial community dissimilarity,
species replacement and species nestedness across temperate forests. Glob.
Ecol. Biogeogr. 27, 581–592 (2018).
12. McFadden, I. R. et al. Temperature shapes opposing latitudinal gradients of
plant taxonomic and phylogenetic beta diversity. Ecol. Lett. 22, 1126–1135
(2019).
13. Qian, H., Chen, S., Mao, L. & Ouyang, Z. Drivers of β‐diversity along
latitudinal gradients revisited. Glob. Ecol. Biogeogr. 22, 659–670 (2013).
14. Xu, W. B., Chen, G. K., Liu, C. R. & Ma, K. P. Latitudinal differences in species
abundance distributions, rather than spatial aggregation, explain beta-
diversity along latitudinal gradients. Glob. Ecol. Biogeogr. 24, 1170–1180
(2015).
15. Kraft, N. J. et al. Disentangling the drivers of β diversity along latitudinal and
elevational gradients. Science 333, 1755–1758 (2011).
16. Griffiths, D. Connectivity and vagility determine beta diversity and nestedness
in North American and European freshwater fish. J. Biogeogr. 44, 1723–1733
(2017).
17. Soininen, J., Heino, J. & Wang, J. J. A meta-analysis of nestedness and
turnover components of beta diversity across organisms and ecosystems. Glob.
Ecol. Biogeogr. 27, 96–109 (2018).
18. LaManna, J. A., Belote, R. T., Burkle, L. A., Catano, C. P. & Myers, J. A.
Negative density dependence mediates biodiversity-productivity relationships
across scales. Nat. Ecol. Evol. 1, 1107–1115 (2017).
19. van der Heijden, M. G. A., Martin, F. M., Selosse, M. A. & Sanders, I. R.
Mycorrhizal ecology and evolution: the past, the present, and the future. New
Phytol. 205, 1406–1423 (2015).
20. Brundrett, M. C. Mycorrhizal associations and other means of nutrition of
vascular plants: understanding the global diversity of host plants by resolving
conflicting information and developing reliable means of diagnosis. Plant Soil
320, 37–77 (2009).
21. Gibert, A., Tozer, W. & Westoby, M. Plant performance response to eight
different types of symbiosis. New Phytol. 222, 526–542 (2019).
22. Veresoglou, S. D., Rillig, M. C. & Johnson, D. Responsiveness of plants to
mycorrhiza regulates coexistence. J. Ecol. 106, 1864–1875 (2018).
23. Delavaux, C. S. et al. Mycorrhizal fungi influence global plant biogeography.
Nat. Ecol. Evol. 3, 424–429 (2019).
24. Barcelo, M., van Bodegom, P. M. & Soudzilovskaia, N. A. Climate drives the
spatial distribution of mycorrhizal host plants in terrestrial ecosystems. J. Ecol.
107, 2564–2573 (2019).
25. Steidinger, B. S. et al. Climatic controls of decomposition drive the global
biogeography of forest-tree symbioses. Nature 571, E8–E8 (2019).
26. Bennett, J. A. et al. Plant-soil feedbacks and mycorrhizal type influence
temperate forest population dynamics. Science 355, 181–184 (2017).
27. Johnson, D. J., Clay, K. & Phillips, R. P. Mycorrhizal associations and the
spatial structure of an old-growth forest community. Oecologia 186, 195–204
(2018).
28. Hargreaves, A. L., Germain, R. M., Bontrager, M., Persi, J. & Angert, A. L.
Local adaptation to biotic interactions: a meta-analysis across latitudes. Am.
Nat. 195, 395–411 (2020).
29. Liu, X. B. et al. Partitioning of soil phosphorus among arbuscular and
ectomycorrhizal trees in tropical and subtropical forests. Ecol. Lett. 21,
713–723 (2018).
30. Jacquemyn, H., De Kort, H., Vanden Broeck, A. & Brys, R. Immigrant and
extrinsic hybrid seed inviability contribute to reproductive isolation between
forest and dune ecotypes of Epipactis helleborine (Orchidaceae). Oikos 127,
73–84 (2018).
31. Osborne, O. G. et al. Arbuscular mycorrhizal fungi promote coexistence and
niche divergence of sympatric palm species on a remote oceanic island. New
Phytol. 217, 1254–1266 (2018).
32. Myers, J. A. et al. Beta-diversity in temperate and tropical forests reflects
dissimilar mechanisms of community assembly. Ecol. Lett. 16, 151–157
(2013).
33. Jankowski, J. E., Ciecka, A. L., Meyer, N. Y. & Rabenold, K. N. Beta diversity
along environmental gradients: implications of habitat specialization in
tropical montane landscapes. J. Anim. Ecol. 78, 315–327 (2009).
34. McCarthy-Neumann, S. & Ibáñez, I. Tree range expansion may be enhanced
by escape from negative plant–soil feedbacks. Ecology 93, 2637–2649 (2012).
35. Peay, K. G. The mutualistic niche: mycorrhizal symbiosis and community
dynamics. Annu. Rev. Ecol., Evol. Syst. 47, 143–164 (2016).
36. Wang, Z. H., Fang, J. Y., Tang, Z. Y. & Shi, L. Geographical patterns in the
beta diversity of China’s woody plants: the influence of space, environment
and range size. Ecography 35, 1092–1102 (2012).
37. Liang, M. X. et al. Soil fungal networks maintain local dominance of
ectomycorrhizal trees. Nat. Commun. 11, 2636 (2020).
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23236-3 ARTICLE
NATURE COMMUNICATIONS |         (2021) 12:3137 | https://doi.org/10.1038/s41467-021-23236-3 | www.nature.com/naturecommunications 9
38. Segnitz, R. M., Russo, S. E., Davies, S. J. & Peay, K. G. Ectomycorrhizal fungi
drive positive phylogenetic plant-soil feedbacks in a regionally dominant
tropical plant family. Ecology 101, e03083 (2020).
39. Chen, L. et al. Differential soil fungus accumulation and density dependence
of trees in a subtropical forest. Science 366, 124–128 (2019).
40. Brundrett, Mark, Murase, Gracia & K, B. Comparative anatomy of roots and
mycorrhizae of common Ontario trees. Can. J. Bot. 68, 551–578 (1990).
41. Liu, Y. & He, F. L. Incorporating the disease triangle framework for testing the
effect of soil-borne pathogens on tree species diversity. Funct. Ecol. 33,
1211–1222 (2019).
42. LaManna, J. A. et al. Plant diversity increases with the strength of negative
density dependence at the global scale. Science 356, 1389–1392 (2017).
43. Johnson, D. J., Beaulieu, W. T., Bever, J. D. & Clay, K. Conspecific negative
density dependence and forest diversity. Science 336, 904–907 (2012).
44. Crawford, K. M. et al. When and where plant-soil feedback may promote
plant coexistence: a meta-analysis. Ecol. Lett. 22, 1274–1284 (2019).
45. Liu, X. B., Etienne, R. S., Liang, M. X., Wang, Y. F. & Yu, S. X. Experimental
evidence for an intraspecific Janzen-Connell effect mediated by soil biota.
Ecology 96, 662–671 (2015).
46. Chu, C. J. et al. Direct and indirect effects of climate on richness drive the
latitudinal diversity gradient in forest trees. Ecol. Lett. 22, 245–255 (2019).
47. Gavito, M. E. & Azcon-Aguilar, C. Temperature stress in arbuscular
mycorrhizal fungi: a test for adaptation to soil temperature in three isolates of
Funneliformis mosseae from different climates. Agr. Food Sci. 21, 2–11 (2012).
48. Hetrick, B. D. & Bloom, J. The influence of temperature on colonization of
winter wheat by vesicular-arbuscular mycorrhizal fungi. Mycologia 76,
953–956 (1984).
49. Anderson-Teixeira, K. J. et al. CTFS-ForestGEO: a worldwide network
monitoring forests in an era of global change. Glob. Change Biol. 21, 528–549
(2015).
50. Condit, R. Tropical forest census plots: methods and results from Barro
Colorado Island, Panama and a comparison with other plots. (Springer-Verlag
andRG. Landes Company, 1998).
51. Stillhard, J. et al. Stand inventory data from the 10-ha forest research plot in
Uholka: 15 yr of primeval beech forest development. Ecology 100, e02845 (2019).
52. Marion, Z. H., Fordyce, J. A. & Fitzpatrick, B. M. Pairwise beta diversity
resolves an underappreciated source of confusion in calculating species
turnover. Ecology 98, 933–939 (2017).
53. Bennett, J. R. & Gilbert, B. Contrasting beta diversity among regions: how do
classical and multivariate approaches compare? Glob. Ecol. Biogeogr. 25,
368–377 (2016).
54. Legendre, P. & De Caceres, M. Beta diversity as the variance of community
data: dissimilarity coefficients and partitioning. Ecol. Lett. 16, 951–963 (2013).
55. Baselga, A. Separating the two components of abundance-based dissimilarity:
balanced changes in abundance vs. abundance gradients. Methods Ecol. Evol.
4, 552–557 (2013).
56. De Cáceres, M. et al. The variation of tree beta diversity across a global
network of forest plots. Glob. Ecol. Biogeogr. 21, 1191–1202 (2012).
57. Yen, J. D. L., Fleishman, E., Fogarty, F. & Dobkin, D. S. Relating beta diversity
of birds and butterflies in the Great Basin to spatial resolution, environmental
variables and trait-based groups. Glob. Ecol. Biogeogr. 28, 328–340 (2019).
58. Craven, D., Knight, T. M., Barton, K. E., Bialic-Murphy, L. & Chase, J. M.
Dissecting macroecological and macroevolutionary patterns of forest
biodiversity across the Hawaiian archipelago. Proc. Natl Acad. Sci. USA 116,
16436–16441 (2019).
59. Brundrett, M. & Tedersoo, L. Misdiagnosis of mycorrhizas and inappropriate
recycling of data can lead to false conclusions. New Phytol. 221, 18–24 (2019).
60. Soudzilovskaia, N. A. et al. FungalRoot: global online database of plant
mycorrhizal associations. New Phytol. 227, 955–966 (2020).
61. Furniss, T. J., Larson, A. J. & Lutz, J. A. Reconciling niches and neutrality in a
subalpine temperate forest. Ecosphere 8 (2017).
62. Jucker, T. et al. Canopy structure and topography jointly constrain the
microclimate of human-modified tropical landscapes. Glob. Change Biol. 24,
5243–5258 (2018).
63. Legendre, P. et al. Partitioning beta diversity in a subtropical broad-leaved
forest of China. Ecology 90, 663–674 (2009).
64. Robert J., H. raster: Geographic data analysis and modeling. R package version
2.6-7 (2017). <https://CRAN.R-project.org/package=raster>.
65. Alahuhta, J. et al. Global variation in the beta diversity of lake macrophytes is
driven by environmental heterogeneity rather than latitude. J. Biogeogr. 44,
1758–1769 (2017).
66. Cribari-Neto, F. & Zeileis, A. Beta regression in R. J. Stat. Softw. 34, 1–24
(2010).
67. Jump, A. S., Matyas, C. & Penuelas, J. The altitude-for-latitude disparity in the
range retractions of woody species. Trends Ecol. Evol. 24, 694–701 (2009).
68. Oksanen, J. et al. vegan: Community ecology package. R package version 2.5-2
(2018). <https://www.r-project.org>.
69. Gilbert, B. & Bennett, J. R. Partitioning variation in ecological communities:
do the numbers add up? J. Appl Ecol. 47, 1071–1082 (2010).
70. Breiman, L. Random forests. Mach. Learn. 45, 5–32 (2001).
71. R Core Team. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria (2019). <https://www.r-
project.org/>.
72. Baselga, A., Orme, D., Villeger, S., De Bortoli, J. & Leprieur, F. Partitioning
beta diversity into turnover and nestedness components. R package version
1.5.0 (2019). <https://CRAN.R-project.org/package=betapart>.
73. Harrell Jr, F. E. & Dupont, C. Hmisc: Harrell miscellaneous. R package version
4.2-3 (2019). <https://cran.r-project.org/package=Hmisc>.
74. Liaw, A. & Wiener, M. Classification and regression by randomForest. R News.
2, 18–22 (2002).
75. Archer, E. rfPermute: estimate permutation p-values for random forest
importance metrics. R package version 2.1.6 (2018). <https://cran.r-project.
org/package=rfPermute>.
Acknowledgements
This research paper was funded by the National Natural Science Foundation of China
(31925027, 31622014 and 31570426) and the Fundamental Research Funds for the
Central Universities (20lgpy116). Funding and citation information for each forest plot is
available in Supplementary References.
Author contributions
Y.Z. and C.C. designed research, compiled and analyzed data; Y.Z. wrote the first draft,
with substantial input from C.C., J.A.M., G.S.G., J.A.L. (James A. Lutz), J.S., K.Z., J.T.,
J.L.B., F.H., J.A.L. (Joseph A. LaManna), S.J.D., K.J.A-T., and D.F.R.P. All authors con-
tributed to revisions of the manuscript.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23236-3.
Correspondence and requests for materials should be addressed to C.C.
Peer review information Nature Communications thanks Camille Delavaux and the
other anonymous reviewer(s) for their contribution to the peer review of this work.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23236-3
10 NATURE COMMUNICATIONS |         (2021) 12:3137 | https://doi.org/10.1038/s41467-021-23236-3 | www.nature.com/naturecommunications
Yonglin Zhong 1, Chengjin Chu 1✉, Jonathan A. Myers 2, Gregory S. Gilbert 3, James A. Lutz 4,
Jonas Stillhard 5, Kai Zhu 3, Jill Thompson 6, Jennifer L. Baltzer 7, Fangliang He 8,9,10,
Joseph A. LaManna 11, Stuart J. Davies12, Kristina J. Aderson-Teixeira 12,13, David F.R.P. Burslem 14,
Alfonso Alonso 15, Kuo-Jung Chao16, Xugao Wang 17, Lianming Gao 18, David A. Orwig 19, Xue Yin1,
Xinghua Sui1, Zhiyao Su20, Iveren Abiem 21,22,23, Pulchérie Bissiengou24, Norm Bourg13, Nathalie Butt 25,26,
Min Cao27, Chia-Hao Chang-Yang 28, Wei-Chun Chao29, Hazel Chapman 23, Yu-Yun Chen30,
David A. Coomes31, Susan Cordell32, Alexandre A. de Oliveira33, Hu Du34, Suqin Fang 1,
Christian P. Giardina32, Zhanqing Hao35, Andrew Hector 36, Stephen P. Hubbell37, David Janík38,
Patrick A. Jansen 12,39, Mingxi Jiang40, Guangze Jin41, David Kenfack 12,42, Kamil Král38, Andrew J. Larson43,
Buhang Li1, Xiankun Li44, Yide Li45, Juyu Lian46, Luxiang Lin27, Feng Liu47, Yankun Liu48, Yu Liu 9,10,
Fuchen Luan49, Yahuang Luo 18, Keping Ma 50, Yadvinder Malhi 51, Sean M. McMahon 12,52,
William McShea13, Hervé Memiaghe24, Xiangcheng Mi 50, Mike Morecroft 53, Vojtech Novotny 54,
Michael J. O’Brien 55, Jan den Ouden 56, Geoffrey G. Parker57, Xiujuan Qiao40, Haibao Ren 50,
Glen Reynolds58, Pavel Samonil38, Weiguo Sang 59, Guochun Shen10, Zhiqiang Shen1,
Guo-Zhang Michael Song60, I-Fang Sun30, Hui Tang1, Songyan Tian48, Amanda L. Uowolo32, María Uriarte 61,
Bin Wang44, Xihua Wang10, Youshi Wang1, George D. Weiblen62, Zhihong Wu49, Nianxun Xi 1,
Wusheng Xiang44, Han Xu45, Kun Xu63, Wanhui Ye46, Mingjian Yu64, Fuping Zeng34, Minhua Zhang9,10,
Yingming Zhang49, Li Zhu50 & Jess K. Zimmerman65
1Department of Ecology, State Key Laboratory of Biocontrol and School of Life Sciences, Sun Yat-sen University, http://www.sysu.edu.cn/en/.
2Department of Biology, Washington University in St. Louis, St. Louis, MO, USA. 3Department of Environmental Studies, University of California,
Santa Cruz, CA, USA. 4Wildland Resources Department, Utah State University, Logan, UT, USA. 5Swiss Federal Research Institute for Forest, Snow
and Landscape Research WSL, Forest Resources and Management, Birmensdorf, Switzerland. 6UK Centre for Ecology & Hydrology Bush Estate,
Midlothian, UK. 7Biology Department, Wilfrid Laurier University, Waterloo, ON, Canada. 8Department of Renewable Resources, University of
Alberta, Edmonton, AB, Canada. 9ECNU-Alberta Joint Lab for Biodiversity Study, Tiantong National Station for Forest Ecosystem Research, East
China Normal University, http://english.ecnu.edu.cn/. 10Zhejiang Tiantong Forest Ecosystem National Observation and Research Station, School of
Ecology and Environmental Sciences, East China Normal University, http://english.ecnu.edu.cn/. 11Department of Biological Sciences, Marquette
University, Milwaukee, WI, USA. 12Forest Global Earth Observatory, Smithsonian Tropical Research Institute, Washington, DC, USA.
13Conservation Ecology Center, Smithsonian Conservation Biology Institute, National Zoological Park, Front Royal, VA, USA. 14School of Biological
Sciences, University of Aberdeen, Aberdeen, UK. 15Center for Conservation and Sustainability, Smithsonian Conservation Biology Institute, National
Zoological Park, Washington, DC, USA. 16International Master Program of Agriculture, National Chung Hsing University, https://www.nchu.edu.
tw/en-index. 17CAS Key Laboratory of Forest Ecology and Management, Institute of Applied Ecology, Chinese Academy of Sciences, http://
english.iae.cas.cn/. 18CAS Key Laboratory for Plant Diversity and Biogeography of East Asia, Kunming Institute of Botany, Chinese Academy of
Sciences, http://english.kib.cas.cn/. 19Harvard Forest, Harvard University, Petersham, MA, USA. 20College of Forestry and Landscape Architecture,
South China Agricultural University, https://english.scau.edu.cn/. 21Department of Plant Science and Technology, University of Jos, Jos, Nigeria.
22The Nigerian Montane Forest Project, Taraba State, Nigeria. 23School of Biological Sciences, University of Canterbury, Christchurch, New Zealand.
24Institut de Recherche en Ecologie Tropicale/Centre National de la Recherche Scientifique et Technologique, Libreville, Gabon. 25School of
Biological Sciences, The University of Queensland, St. Lucia, QLD, Australia. 26Centre for Biodiversity and Conservation Science, The University of
Queensland, St. Lucia, QLD, Australia. 27CAS Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese
Academy of Sciences, http://english.xtbg.cas.cn/. 28Department of Biological Sciences, National Sun Yat-sen University, https://www.nsysu.edu.
tw/?Lang=en. 29Department of Forestry and Natural Resources, National Chiayi University, http://www.ncyu.edu.tw/eng/. 30Department of
Natural Resources and Environmental Studies, National Dong Hwa University, https://www.ndhu.edu.tw/?Lang=en. 31Department of Plant
Sciences, University of Cambridge, Cambridge, UK. 32Institute of Pacific Islands Forestry, Pacific Southwest Research Station, USDA Forest Service,
Hilo, Hawaii, USA. 33Departamento Ecologia, Universidade de São Paulo, Instituto de Biociências, Cidade Universitaŕia, São Paulo, SP, Brazil. 34Key
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